Abstract This paper focuses on the simulation of a fault arc in a closed tank based on the magneto-hydrodynamic (MHD) method, in which a comparative study of three radiation models, including net emission coefficients (NEC), semi-empirical model based on NEC as well as the P1 model, is developed. The pressure rise calculated by the three radiation models are compared to the measured results. Particularly when the semi-empirical model is used, the effect of different boundary temperatures of the re-absorption layer in the semi-empirical model on pressure rise is concentrated on. The results show that the re-absorption effect in the low-temperature region affects radiation transfer of fault arcs evidently, and thus the internal pressure rise. Compared with the NEC model, P1 and the semi-empirical model with 0.7 < α < 0.83 are more suitable to calculate the pressure rise of the fault arc, where is an adjusted parameter involving the boundary temperature of the re-absorption region in the semi-empirical model.
Introduction
Recently, enclosed electrical installations are employed in transmission and distribution electric systems more widely and widely. If an arc fault takes place in such an electrical installation, numerous energy is released during extremely short time and causes a rapid pressure rise. The overpressure may not only damage the installation and surrounding building, but also threaten the operation personnel safety. Thereby, it is of great importance to assess the thermal and pressure effects caused by the fault arc.
The overpressure due to internal arcing fault in the electrical installation is considerably affected by its energy balance process [1] . Especially the radiation, plays a critical role in the internal energy balance [1] . The arc emits radiation from the far ultraviolet region of the spectrum to the far infrared. The radiation emitted from the arc does not entirely contribute to the pressure rise. Only the part of the radiation, which is reabsorbed by the surrounding gas, will increase the gas internal energy and thus, the pressure rise. The part of energy that is not re-absorbed by the low-temperature gas acts on the electrodes and walls, does not lead to the pressure rise. Thereby, the radiation, a dominant energy transport mechanism, becomes an important energy loss term in hot regions of fault arc and significantly affects the pressure rise.
During the past, lots of researchers have focused on the calculation of pressure rise caused by fault arc, mainly including Standard Calculation Method (SCM) [2, 3] and Computational Fluid Dynamics method (CFD) [4] . However, in the above two methods, coupled effects among the flow, radiation and electromagnetic fields of fault arc are not taken into account. Instead, the arc is simplified and treated as a heat source. In this case, the fault arc itself is not modeled. Besides, in these methods, the pressure development can be calculated only when the thermal transport coefficient [1, 3] , is determined beforehand according to experimental testing. With the magnetichydrodynamic arc models that are studied a lot in circuit breakers [5−8] have been successfully applied in the research of fault arc in an enclosed container [9, 10] , it makes the numerical analysis of fault arc become possible by depending on the simulation method alone. This paper mainly focuses on the numerical study of fault arc behaviour in a closed air tank, in which a 2D fault arc model is developed based on MHD theory. Supported by the experiment, three radiation models are employed to compute the radiation transfer in order to investigate the influence of radiation model on fault arc.
Experimental setup and results
The schematic sketch of experimental setup is provided in Fig. 1 . It consists of cylindrical boy, conductive rod, inlet, outlet and electrode. Two identical copper electrodes of 0.02 m diameter are connected with the conductive rods through outer whorls. The electrode distance is 0.03 m. The arc is ignited in the center of the tank with the arc duration of 0.1 s. The filling gas is air of the absolute pressure of 0.1 MPa. The arc current is DC current from 1 kA to 20 kA. The aim of the experiment performed in this paper is to provide verifying data for the simulation and study the fault arc behaviour. Fig. 2 shows the experimental arrangement. The arc is ignited by fusing of copper wire with 0.2 mm diameter. The arc current is measured by a hall current sensor and the arc voltage is measured by a high-voltage probe. A piezoelectric pressure sensors (102B16) is installed in the tank to measure the pressure variation. The reflected time of pressure sensor is less than 1 µs. A thermal sensor (12A) is arranged 2 m away from the arc to measure the arc radiation energy through the observation window made of quartz glass. The laser energy display is connected with the sensor to display the radiation energy. Fig.2 The experimental arrangement Fig. 3 shows the measured arc current, voltage and pressure rise for arc current of 10 kA. The corresponding images are recorded by the high-speed camera, as shown in Fig. 4 . In the beginning 5 ms, due to fast melting and evaporation of copper wire, a ignition peak of the voltage appears. After that, the arc tends to burn stably and the arc voltage almost keeps constant. As the arcing time goes, the electric energy is injected continuously and the arc also rapidly expands outwards. The input arc energy is transferred to the surroundings by convection, conduction and radiation, thus increasing the gas internal energy and pressure rise. When the current passes across zero at t=100 ms, the arc extinguishes and the maximum pressure rise appears. Fig. 5 presents the time-dependent pressure rises for different arc currents. As can be seen, as the current rises, more electric energy is injected to increase the gas internal energy and causes the pressure to build up, thus leading to a higher pressure rise. 
Theoretical consideration
The MHD model for fault arc is constructed with gas dynamic and electromagnetic interactions coupled. The plasma is assumed to be in LTE. The flow is in turbulence state and described by the standard k-ε model [4] . By solving a set of governing equations, including mass, momentum, energy and Maxwell equations, respectively, the behavior of fault arc is described numerically. The physical parameters for air plasma versus the temperature and pressure are obtained from Ref. [11] . The boundary conditions have been described in our previous work [10] .
Calculated geometry
For the axial symmetry itself of the experiment setup in Fig. 1 , a two-dimensional axisymmetric geometry model is taken to reduce the calculation cost and time, as given in Fig. 6 . The initial arc is a uniform and steady high-temperature arc column [10] . Fig.6 The calculated model
Radiation model
In the modeling of a fault arc, the radiation loss, as one part of the source of energy conservation equation, should be taken into account well. During the past decades, net emission coefficient (NEC) radiation model [12] and semi-empirical model based on NEC [13, 14] have been successfully used in the modeling of circuit breaker arc. As the computational power enhances fast, the P1 model [15] and the method of partial characteristics [16] have been paid more and more attention to because they can provide the accuracy improvement on the consideration of the radiation reabsorption effect. In view of this, three widely applied radiation models including NEC, semi-empirical NEC model and P1 model are employed to calculate the radiation transfer of fault arc.
NEC model
The NEC method was first proposed by Lowke to compute the radiation transfer in the arc plasma [12] . The radiation energy can be expressed by:
Here q rad is the radiation loss, ε n is the net emission coefficient and its value comes from Ref. [17] . However, in this method, only the emission from the hightemperature arc region is considered without including the radiation re-absorption in the low-temperature region.
The six-band P1 method
The P1 model has been successfully applied in the modeling of radiation field by Cheng P [15] . In this method, the air spectrum is divided into six bands and an average absorption coefficient for each band is obtained by Gleizes [18] . The average absorption coefficient for each band is used to solve their corresponding P1 equation for the calculation of radiation transfer.
By relating the radiative intensity to the incident radiation, P1 approximation is obtained for the incident radiation [19] :
where G λ is the incident radiation, k aλ the spectral absorption coefficient, S Gλ is the source of the equation and can be expressed as:
B λ is the spectral Plank function.
The semi-empirical model
The semi-empirical NEC model was first used to calculate the radiation loss in a nitrogen nozzle arc by Zhang et al [13] . The model assumes an axisymmetric arc and the arc temperature reduces monotonously along the radial direction. Such a model divides the arc into three regions.
a. Central arc region αT 0 < T ≤ T 0 . The arc only emits radiation outwards and the net radiation emission is positive. α is an adjusted parameter about boundary temperature for arc region. T 0 is the axis temperature.
b. The re-absorption region (4000 K≤ αT 0 ). The radiation from the central arc is re-absorbed and the net emission is negative.
c. Thermal layer (T < 4000 K). The gas neither emits or absorbs.
Due to lack of related experimental data for radiation measurement of fault arcs, the boundary temperature(αT 0 ) of the re-absorption region and the proportion of radiation from the arc core that is reabsorbed by the surrounding low-temperature gas, are both unknown. With α=0.83 for nitrogen nozzle arc as a reference [13] , 0.5, 0.6, 0.7, 0.83, 0.9 are attempted in the calculation to choose a suitable radiation model by comparing the radiation loss and pressure rise. The schematic diagram for the selected α is given in Fig. 7 . S. Ramakrishnan et al [20] proposed that 90% of the radiation leaving the arc core in free burning arcs is reabsorbed. As the fault arc is similar to a free burning arc, the re-absorption fraction of 90% will be used in the calculation. Fig. 9 . This meanwhile indicates that more energy is absorbed by the surroundings, and hence higher pressure rise. As seen from Fig. 8 , the pressure rises for α=0.7 and 0.83 are closer to the experimental result in contrast to other α. Furthermore, the measured pressure rise and radiation energy locate well between those of α=0.7 and 0.83. So the radiation model with 0.7 < α < 0.83 is recommended to calculate the radiation transfer of fault arcs for the simple tank geometry investigated. In the next part, α=0.7 will be adopted and illustrated. Figs. 10 and 11 show the temperature and pressure distributions based on the semi-empirical NEC model with α=0.7. The initial arc is a steady hightemperature arc column. As the current increases, the arc gradually expands and the generated high pressure in the arc center quickly propagates to the space in the form of pressure waves. Along with the pressure balance in the container built up promptly, the pressure distribution achieves uniform. Finally, the arc extinguishes and the pressure reaches the maximum. Fig. 12 shows the calculated pressure rise based on NEC, P1 model, and the semi-empirical model with α=0.7. The pressure rises using P1 and the semiempirical model with α=0.7 agree with the experiment. Instead, NEC model predicts a much smaller pressure rise than the measured one. This is because the reabsorption effect in the low-temperature region in NEC method is neglected, which indicates that numerous energy radiated from the arc core is lost directly. As a consequence, the energy contributing to the gas internal energy reduces greatly, and hence less pressure rise. Fig.12 The calculated pressure rise based on NEC, the P1 model, and the semi-empirical model with α=0.7
Fig . 13 shows the predicted pressure rise for different arc currents (5 kA, 10 kA and 15 kA) using the semiempirical NEC model with α=0.7. The pressure rise increases with the raising in arc current. The maximum pressure rises for 5 kA, 10 kA and 15 kA are in agreement with the measured ones within the error range, which well validates the effectiveness and reliability of the semi-empirical model. Fig.13 The predicted pressure rise for different arc currents based on the semi-empirical model with α=0. 7 
Conclusions
Supported by the experimental results, the fault arc characteristics based on different radiation models are studied numerically in this paper. A summary is made in the following, a. A 2D arc model is developed to simulate the transient arcing process and study the fault arc behavior in a closed air tank. The agreement of calculation and experiment results reveals that the MHD method is an effective and reliable tool to predict the characteristics of fault arc.
b. The re-absorption effect in the low-temperature region affects the pressure rise of fault arcs seriously. The predicted pressure rise by the NEC model is the poorest. The semi-empirical and P1 radiation models are more proper to calculate the pressure rise in fault arcs for the simple tank geometry investigated.
c. The influence of different boundary temperatures of the re-absorption layer in the semi-empirical radiation model on the fault arc is analyzed. It is found that the pressure rise and arc radiation using the semi-empirical radiation model with 0.7 < α < 0.83 are closer to the experiment.
